Using scanning tunnelling microscopy and photoelectron diffraction, we have analysed the nucleation and growth behaviour of simple (Mg and Ca), transition (Ni and Fe) and noble metals (Ag and Au) on MgO films grown on Mo(001). With the exception of gold, the particles develop interface planes that are in registry with the surface-oxygen lattice of the MgO(001). To achieve this commensurability, the particles expose facets that differ from the low-energy surfaces of the respective metals and adopt crystallographic structures that are unknown in the bulk materials. This peculiar growth behaviour demonstrates the importance of interfacial interactions between the metal deposits and the MgO film, despite of the insulting nature of the oxide support. The observed equilibrium shapes of the particles have been analysed with a simple growth model that includes the interfacial interactions, the surface energies and the elastic distortion of the particle lattice to reach commensurability with the MgO(001).
Using scanning tunnelling microscopy and photoelectron diffraction, we have analysed the nucleation and growth behaviour of simple (Mg and Ca), transition (Ni and Fe) and noble metals (Ag and Au) on MgO films grown on Mo(001). With the exception of gold, the particles develop interface planes that are in registry with the surface-oxygen lattice of the MgO(001). To achieve this commensurability, the particles expose facets that differ from the low-energy surfaces of the respective metals and adopt crystallographic structures that are unknown in the bulk materials. This peculiar growth behaviour demonstrates the importance of interfacial interactions between the metal deposits and the MgO film, despite of the insulting nature of the oxide support. The observed equilibrium shapes of the particles have been analysed with a simple growth model that includes the interfacial interactions, the surface energies and the elastic distortion of the particle lattice to reach commensurability with the MgO(001).
Experimental particle densities have been explained with a scheme that considers formation of metalcations at certain MgO defects to be the initial nucleation step. Although the model is in reasonable agreement with the experiment for most metals, it fails for gold. We relate this deviation to the large tendency of gold to charge up negatively on MgO thin films, in correspondence to earlier experimental and theoretical work.
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INTRODCTION
Supported metal particles play a pivotal role as chemically active species in heterogeneous catalysis. 1 The chemical identity of the particles that are usually made of transition metals is hereby the most decisive element for determining the performance of the catalyst. However, it is by far not the only factor, as also the interplay between the metal aggregates and the underlying oxide support largely contributes to the properties of the system. 2,3 1 Consequently, only certain combinations of ad-metal and oxide support give rise to chemical activity, and among such systems only those fulfilling the rigid requirements on thermodynamic stability, producibility and price will finally make a functional catalyst.
The importance of mutual interactions between metal deposits and the underlying oxide support has been realized long ago, and the exploration of this interplay is therefore in the focus of catalysis research for several decades. 4, 5, 6, 7 First of all, the nucleation and growth of metal particles is restricted to distinct regions in the oxide surface, mostly to defects and low-coordinated lattice sites. Although the corresponding surface areas could be visualized already in the 1970's by exploiting decoration effects in electron microscopy,
Especially with the advent of surface science, the understanding of the various interaction schemes has greatly improved, leading to a rather complex and facetted picture of metal-oxide interactions. Only some key-points of this relationship shall be sketched here. 8 it was the development of powerful theoretical methods that yielded a mechanistic insight into the binding behavior of ad-atoms to oxide defects. 9, 10 Verification of the theoretical models has been achieved even more recently by scanning probe techniques, which rendered an atomic-scale characterization of oxide defects 11, 12, 13 and their adsorption characteristics possible. 14 9 The nucleation phase decides on various electronic and chemical properties of the metal-oxide system, as the process of anchoring a metal cluster is often accompanied by a charge exchange with the oxide support.
, 10, 15 Secondly, the substrate imposes large effects on the size and shape of the growing particles. 16, 17 Whereas the particle size depends mainly on the density of suitable nucleation sites, hence on surface properties, the particle shape is governed by the strength of the interfacial adhesion. The relationship between the equilibrium shape of a deposit and metaloxide interactions was put on theoretical ground already long ago, for instance in the Wulff model 18 and the more general Young-Dupré approach. 19 The shape of supported particles is correlated with their chemical performance in various ways. 20 It determines which particle facets are primarily exposed and controls the exchange of adsorbates between those planes.
The shape also affects the electronic structure of the deposits, for instance by inducing distinct quantum-well and surface states in the spatially confined systems. 21, 22 To a certain extent, metal-support interactions even influence the chemical identity of the adparticles, which naturally interferes with their chemical performance. This becomes evident when considering the deposition of a highly-oxidizable metal onto a reducible oxide. In this case, substrate oxygen may dissolve in the particle, changing its oxidation state, electron count and even lattice parameter.
All these effects have an influence on the reactivity pattern of supported metal catalysts. 23, 24 The impact of a substrate-mediated oxidation of adparticles on their chemical performance has been demonstrated for example on Pd / Fe 3 O 4.
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This certainly incomplete list shall emphasize the need for a comprehensive characterization of metal-oxide interactions, which is also required if one seeks insight into catalytic processes taking place on such systems. The careful investigation of particle growth on oxide supports might be a first step in this direction. Although the number of such experiments is large, almost every metal has been deposited onto every oxide, systematic studies are surprisingly sparse. Notable exceptions are the few and comprehensive review articles for metal growth on bulk MgO(001), 4 TiO 2 (110) 5, 11 and alumina films. 6 The problem of many other studies is their limited comparability, as the metals have been precipitated at different thermodynamic conditions onto differently prepared substrates. Moreover, the characterization of the pristine support has not always been preformed with the required accuracy. However, only from careful experiments that are liberated from spurious preparation effects, the kernel of metaloxide interactions can be extracted.
In this combined scanning tunneling microscopy (STM) and photoelectron diffraction (PED) study, we have analyzed the growth of simple (Mg, Ca), transition (Ni, Fe) and noble metals (Ag and Au) on MgO thin films grown on a Mo(001) surface. All experiments have been carried out under identical preparation conditions, guarantying a reproducible quality of the MgO surface. The results obtained for the different materials are thus comparable to each other, enabling us to identify decisive growth parameters for metals on oxide supports.
EXPERIMENT
The experiments have been performed in two ultra-high vacuum chambers (p<2×10 -10 mbar), both equipped with standard tools for sample preparation and analysis. The first chamber contains a non-monochromatic X-ray Al-Kα source, a hemispherical mirror analyzer and a room-temperature STM and was mainly used to perform the photoelectron-diffraction (PED) measurements. The second chamber is equipped with a Beetle-type STM operated at liquid nitrogen temperature and was used to produce the real-space data for the ad-systems. Thin
MgO films grown on Mo(001) were taken as support for the metal particles. (Fig. 1a) . The latter often emanate from the core of vertical screw dislocations, being anchored at the metal-oxide interface (see encircled region in Fig. 1a ). In addition, a well-ordered dislocation network forms directly at the metal-oxide interface, which has however little influence on the surface properties of the 10 ML thick films. The different line defects compensate the -5.4% lattice mismatch between the MgO and the Mo support. It should be noted that the dislocation lines are not only structural but also electronic perturbations, as they induce acceptor-type gap states that are able to trap electrons. 28 The six metals explored in this study were dosed either from an electron-beam evaporator (Mg, Ca, Ni, Au and Ag) or an effusive cell (Fe) onto the oxide film held at room temperature. The deposition rates were kept at 0.5 ML/min for all metals.
RESULTS and DISCUSSION

Simple metals: Mg and Ca
Simple metals in general are characterized by a vigorous interaction with oxygen, a fact that is reflected in their large heats of oxidation of more than -500 kJ/mol. 29 The interfacial interaction with MgO(001) is thus expected to be strong, a statement that has been tested in this study with the two earth-alkali metals, Mg and Ca. Similar experiments have also been performed with Li and can be found in the literature. 30, 31 In agreement with the anticipated strong metal-oxide coupling, Mg and Ca develop facetted ad-particles that reproduce the symmetry of the MgO lattice. The nucleation of Mg sets in at the MgO dislocation lines, where ultra-small aggregates become discernable in the STM above 1 ML metal exposure (Fig. 1b) . A smaller coverage does not lead to particle formation, because the first Mg atoms are incorporated into the MgO lattice. 32 With increasing exposure, rectangular deposits appear in the STM (Fig.1c) eV. The diffraction data was acquired on Mg cluster-films of 10 ML nominal thickness grown on top of a 10 ML thick MgO film. To obtain a stereogram, the sample was rotated below the analyzer from 0° < φ < 90° azimuth angle and 0° < θ < 70° polar angle, whereby the polar angle indicates the titling against the surface normal (Fig. 2a) . The experimental PED plots have been modeled with the MSCD (Multiple Scattering Calculation of Diffraction) package that considers single and multiple scattering events (Fig. 2b ).
Above 5 ML exposure, the growth reaches the coalescence regime and neighboring particles merge into a compact film (Fig. 1d) .
However, open MgO patches remain discernable between the ad-clusters even for 10 ML nominal Mg coverage. 34 From both, the topographic and diffraction data, a structure model for the Mg-MgO interface is developed (Fig. 2c,d ). The Mg contact plane is identified as the ( 0 2 First, the number of metal-oxygen bonds is maximized by realizing commensurability between the Mg and the oxide surface. For the hcp ( ) configuration, every interfacial Mg atom binds to a lattice-oxygen, whereby one atom per unit-cell needs to be slightly displaced from its original position (see grey circles in Fig. 2c ). Second, the distortion of the particle lattice to reach interfacial registry needs to be minimized. In this regard, Mg is not a good example, as the 6% and 12% mismatch with respect to the bulk Mg lattice are relatively large. The metal nonetheless adopts this unfavorable structure, simply because no other square-shaped interface planes with matching atomic dimensions can be constructed. It should be noted that such a large lattice distortion is only feasible in spatially confined nano-particles and might even lead to a misfit-induced constraint in the Mg growth.
Indeed, the particle width that corresponds to the high-strain [0001] axis never exceeded 5-6 nm in the STM images. In contrast, the vertical growth is strongly promoted by the in-plain lattice strain, giving rise to large aspect ratios for the Mg particles on the MgO surface.
The Mg( 0 2 11 ) interface model is also consistent with the PED data and allows us to assign the main features in the diffraction stereogram (Fig. 2a) Calcium, being the second simple metal studied here, is rather similar to Mg from a chemical point of view, but has a 19% larger lattice constant and an fcc bulk structure. At low exposure, also Ca forms rectangular particles on the MgO(001) surface (Fig. 3a) . However, the particle edges are rotated by 45° with respect to the Mg boundaries and consequently align with the mixed Mg-O rows running along the MgO[100]. The aspect ratio of Ca deposits evolves from 0.4 at low coverage to 0.6 just below the coalescence regime and is therefore smaller than for Mg. Furthermore, large particles develop more irregular shapes and their initially flat top facets become hemispherical (Fig. 3b) . Apparently, the Ca growth is governed by interfacial interactions mainly in the initial stage, while larger deposits adopt their own morphology. Also the nucleation densities of Ca and Mg differ substantially.
Whereas Ca particles grow with an average number density of 25×10 11 fixing the orientation of the particle (Fig. 3c) . This binding geometry fulfils the two growth conditions discussed before, as each interfacial Ca is able to bind to a lattice O atom and the required lattice expansion is with 5.8% even smaller than for the Mg-MgO system. It should be noted that also hexagonal Ca clusters are observed in the STM. 36 The associated (111) topfacets might be stabilized with respect to the (001) by the low free-energy of this surface;
however the number of Ca atoms sitting on-top of a lattice oxygen is substantially smaller.
Nonetheless, a (111) growth mode might prevail especially for larger Ca deposits, because the structural constraint put by the square MgO symmetry is lifted in this case.
Transition metals: Ni and Fe
The next group of metals considered here are the transition metals. They also show a high affinity towards oxygen, although typical heats of oxidation are a factor of three smaller than for simple metals and display a large spread across the periodic table. 29 The To establish an interface model, PED measurements have been performed on these Ni particle ensembles, using the Ni 2p core level at E kin = 634 eV (Fig. 5) (Fig. 4e,f) . In this geometry, commensurability with the MgO is achieved and every interfacial Ni atom is able to bind to a surface oxygen. Moreover, the required distortion of the Ni lattice reduces to +4%
and -2% along the hcp [0001] and [1100] direction, respectively. From the PED maxima at θ = 62° along the MgO[100], the out of plane lattice parameter of hcp Ni is approximated with 1.1 Å, being close to the interlayer spacing in an ideal hexagonal structure (1.24 Å).
The PED simulation of a ( 0 2 11 ) oriented hcp particle is able to reproduce the main features of the experimental stereogram (Fig. 5b) , although the agreement is not as good as in the Mg case. A probable explanation for the underlying morphological and rotational disorder of the Ni deposits is their hexagonal crystal structure, being unusual for this fcc metal. However, also other experimental and DFT studies reported the growth of Ni hcp nanodots, being an effective means to reduce the lattice mismatch with the MgO support. 38, 39 Also for iron as the second transition metal in this study, interfacial interactions are relevant (Fig. 6 ). Whereas at low coverage, the geometry of the aggregates is difficult to assign, larger particles develop pronounced square shapes. The particle edges hereby align with the MgO[110] direction, as observed for Ni before. The mean aspect ratio increases from 0.5 at low to 0.7 at intermediated coverage. Surprisingly, the particle density of Fe is with 29×10 11 cm -2 almost three times larger than for Ni (12×10 11 cm -2 ). Only in the initial growth stage, Fe nucleates at the MgO dislocation lines while at higher coverage particles form also on the terraces. At well-defined preparation conditions, ordering effects of Fe can be observed on the MgO surface, the origin of which will be discussed in a forthcoming paper.
Only for clusters above ∼4.5 nm diameter, the fcc motif becomes energetically favorable. The associated transition from hcp to fcc Ni might be another reason for the blurred PED pattern observed here. Once again, the structural deviation between small deposits and bulk Ni emphasizes the importance of good interfacial registry for particle growth on the MgO surface. 
Noble metals: Ag and Au
Silver and gold differ from all metals discussed before in their low heats of oxidation, being -28 kJ/mol for Ag and -50 kJ/mol for Au. 29 Consequently, the growth of noble metals on the MgO surface is expected to be less affected by metal-oxide interactions, which should lead to the formation of clusters with bulk-like lattice parameters and symmetries. Although this expectation is met for Au, it does not hold for Ag as shown in the following.
Silver nucleates again on the MgO dislocation network, whereby mean particle densities of growth. While the initial aspect ratio is around 0.5, it quickly rises to one at higher coverage.
In this stage, the Ag particles can be considered as almost ideal nano-cubes, characterized by a square bottom and top plane and nearly perpendicular side facets. This geometric peculiarity becomes even more pronounced when annealing the sample to 550 K (Fig. 7a) . The interfacial registry between Ag and the MgO support is readily deduced from the observed particle shapes and has been addressed in various papers before. 7e,f). In this way, interfacial Ag atoms exclusively bind to lattice oxygen, which requires 3% expansion of the Ag bulk lattice only. The development of well-defined particle shapes can thus be understood despite of the exceptionally low affinity of silver towards oxygen. 29 Gold reproduces several Ag properties, e.g. the chemically inertness and the lattice parameter, however its growth characteristic on the MgO(001) is nearly antipodal to the one of silver.
Already at lowest coverage, the Au atoms assemble into hexagonal and triangular deposits, with the nucleation starting again along the dislocation network. With increasing coverage, the three-fold particle symmetry becomes more and more evident in the STM images, in contrary to the four-fold nature of the support (Fig. 8) . Apparently, the Au-MgO coupling is insufficient to fix the shape of the ad-particles. However, also Au deposits are not randomly oriented on the surface, as one of the particle edges always aligns with a MgO[110] direction.
The Au clusters have the lowest aspect ratio of all studied metals, evolving from 0.2 at submonolayer coverage to 0.3 at around 2 ML. The particle top facets are usually atomically flat.
Due to the low aspect ratio of the deposits, the coalescence regime for Au is already reached at 2.5 ML nominal coverage. Au particles grow with typical densities of 15×10 11 cm -2 on the MgO surface, being an intermediate value for the metals explored here.
The hexagonal shape of Au islands immediately suggests the Au[111] to be the preferential growth direction (Fig. 8e,f) requires a lattice distortion of -3%. Apparently, already this uni-directional interaction is sufficient to orient the whole ad-particle on the MgO support. The fact that Au islands develop hexagonal shapes and do not mimic the square symmetry of the oxide lattice is compatible with the relatively small Au affinity towards oxygen and the low free-energy of the Au(111) surface.
Discussion
In the previous chapters, we have provided detailed information on the growth characteristic and interfacial registry of various metal particles on the MgO(001) surface. With the exception of Au, all particles exhibit a two-fold symmetry, indicating pronounced interfacial coupling to the square-shaped oxide support. An obvious explanation for such particle shapes is the formation of metal-oxygen bonds across the interface, which was indeed identified as dominant contribution to the metal-oxide adhesion. , 47 15 It should be noted that adsorption energies might be considerably higher when the bulk MgO is replaced with an ultrathin film supported by a metal substrate. , 45 In this case, charge transfer processes through the oxide film may become active, initiating effective electrostatic and polaronic interaction schemes. However, for the 10 ML thick MgO films used here, the thin-film contribution to the adhesion has already died down considerably. The simple interaction picture sketched above will also change in the presence of oxide defects, as discussed later in the paper.
The strength of the metal-oxygen bond is however not the only parameter that governs the growth of ad-particles on the MgO surface. 17, 18, 19 Other factors that determine the cluster adhesion E adh are the surface-free energies of metal particle γ metal and oxide surface γ oxide , as reflected in the universal growth formula (Eq.1): E adh = γ metal +γ oxide -γ interface . 7 The term γ interface describes the effect of interfacial bond formation, as discussed before. It has been derived from DFT calculations of single-atom binding energies to bulk MgO(001), multiplied by the number of bonds per unit area dA. 46, 48 These values only provide an upper bound, as the single-atom interaction is expected to decrease in an atom-assembly due to depolarization effects at the interface. Also estimates for γ metal have been taken from the literature. 49 The approach presented so far neglects however an important contribution to the cluster growth.
The surface energies are hereby averages over the most stable cluster facets, a simplification that is justified because energy differences between the facets of one metal are much smaller than between different metals. The term γ oxide is neglected for a qualitative description of the growth behavior, as MgO (001) is used as support throughout the study. The disregard of γ oxide puts however all energies to a relative scale. Based on these approximations, the adhesion of the different clusters is calculated with Eq.1 (Table.1) . 50 An attractive interaction via interfacial metal-oxygen bonding only occurs, if the particles are able to develop contact planes that are in registry with the oxygen sub-lattice of the MgO(001). The importance of this geometrical constraint has clearly been shown by our experiments that revealed the formation of a commensurate interface structure even if the contact plane is not a low-energy surface of the respective metal. To render a certain crystallographic cut commensurate with the oxide surface, elastic lattice deformations are required in the bottom layers of the deposits. The associated strain will be released as the particle grows higher, for instance by relaxing the metal-metal bond lengths or inserting dislocation lines. The required energy for the lattice distortion has been approximated from the mismatch ∆ between bulk metal and MgO(001) and the Young's modulus E, being a measure for the elasticity of the ad-metal. The elastic energy E elast ∝ E⋅∆ 2 has always a positive sign with respect to the negative (attractive) metal-oxide adhesion and therefore leads to a more positive (smaller) total adhesion of the deposit. It should be noted that the elastic approach completely neglects the possibility of plastic deformations inside the particle, for instance by inserting dislocation lines and stacking faults directly at the interface. The inclusion of these more sophisticated growth phenomena is beyond the scope of this paper. The total adhesion E tot , being the sum of the attractive metal-oxygen interaction and the repulsive distortion energy, now determines the equilibrium shape of the metal deposits.
While a more positive E tot (less attractive interaction) results in prolate, 3D-like particles with small contact planes, a more negative (attractive) value renders the particles flatter. As the particle shape is an observable quantity, the interplay between interfacial adhesion and elastic distortion can be tested with the help of our STM data. Mg, this trend is further enhanced by the large lattice distortion that is required to obtain a commensurate interface plane. Calcium on the other hand forms oblate clusters. The different growth behaviour is readily attributed to the enhanced Ca-MgO adsorption strength and the high elasticity of Ca, both promoting the development of a commensurate interface. Our model also provides an energetic argument against the formation of Ni fcc(001) interface structures, although they would be of square symmetry. The fcc(001) plane needs to be expanded by 16% to reach commensurability with the MgO, which drastically increases E elast and makes the total adhesion highly positive (consider the break in the energy scale on Fig.   9a ). On the other hand, an hcp( 0 2 11 ) contact plane reproduces the experimental data for the Ni clusters with good accuracy.
An interesting exception is gold, being the only material that develops no commensurate interface with the MgO(001) surface. The small Au-O bond strength in conjunction with a relatively large surface-free energy of gold would clearly favor the formation of 3D particles.
In contrast, the Au deposits have the lowest aspect ratio of all investigated metals and exhibit a large tendency to wet the oxide film (Fig. 8) . This apparent contradiction has already been subject of various experimental and theoretical studies, and was related to the high electronegativity of gold. 15, 45, 52 As a consequence, anionic Au species were found to develop on ultrathin MgO films via electron tunneling from the Mo support, whereas strong polarization of the oxide charges towards the gold takes place on thicker films. In the final paragraph, we want to address the different nucleation behavior of metals on the MgO/Mo film. According to statistically relevant STM data, the maximum cluster density gradually increases from Mg < Ag < Ni < Au < Ca (Table 2) . Given the high concentration of defects in the MgO surface, particle nucleation needs to be considered as inhomogeneous process. Typical nucleation parameters, e.g. the diffusion length and the flux of incoming atoms, play therefore only a minor role. In fact, the particle density is controlled by the affinity of the ad-metals to attach to oxide defects and to form a critical nucleus (heterogeneous nucleation). 16 Misfit-dislocations are the most abundant defect type in the MgO films and represent not only morphological imperfections but also electronic inhomogeneities. They can be considered as electron traps, which are able to attract electrons from electropositive adsorbates and capture them in attractive pockets of the oxide Madelung potential. 28, 54 According to this scenario, metals with low ionization potential might become cationic at the line defects, which in turn enhances the metal-oxide interaction and facilitates the nucleation process. 32 Correspondingly, Ca as the material with the lowest ionization energy exhibits the highest nucleation density of all metals, while the density of Mg, Ag and Ni clusters are comparable and so are the ionization potentials.
Gold forms an exception again. Although its ionization potential is particularly high, the Au cluster density on the MgO surface is relatively large. A possible explanation has already been given in the discussion of the cluster shapes. The only metal that has not been discussed so far is iron. Its experimental nucleation density is much higher than expected from its large ionization potential. Apparently, the nucleation scheme based on the oxidation of ad-metals at oxide defects does not apply in this case, a fact that becomes evident from the observation of Fe particles even on the oxide terraces. Another interaction mechanism between Fe and MgO has thus to be considered that is active even on the ideal surface. One possibility would be the spontaneous oxidation of Fe, e.g. via electron exchange with the O anions in the film or the Mo substrate. However, earlier experiments on Fe-MgO interfaces did not support this scenario. 41, 56 Further experiments are therefore required to elucidate the difference in the Fe nucleation behavior with respect to other metals.
SUMMARY and CONCLUSION
The interfacial interactions between various simple, transition and noble metals and the MgO (001) surface have been studied with PED and STM by analyzing the structure and morphology of the respective ad-clusters. Most of the metals develop interface planes that are in registry with the MgO lattice, as revealed from the square and rectangular particle shapes.
The variety of contact planes that has been identified in this study is surprisingly large and ranges from hcp( 0 2 11 ) for Mg and Ni, fcc(001) for Ca and Ag to bcc(001) for Fe. In some cases, neither the crystal type nor the exposed cluster facets correspond to structures that preferentially develop in the respective bulk materials. This finding sheds light on the decisive role of interfacial interactions even for oxide supports that are considered to be chemically inert. The driving force for the formation of commensurate interface structures is the creation of a dense array of metal-oxygen bonds, being the largest contribution to the particle-oxide adhesion. The distortion of the particle lattice that is required to achieve commensurability with the oxide surface has been identified as second important parameter for particle growth.
A lattice mismatch as large as 10% seems hereby to be tolerable for the spatially confined nano-particles. However, well-shaped and thermodynamically stable ad-clusters only develop if the lattice deformation is smaller. The only metal that does not seek for commensurate interface structures is gold, as it possesses charge-mediated interaction schemes that are independent of an epitaxial relationship.
Our work has demonstrated that probing the equilibrium shape and interfacial registry of metal deposits can be an easy approach to analyze the nature of metal-oxide interactions. The hereby generated information might provide a useful starting point to elucidate the chemical performance of such systems. Comparison between the ionization potential (circles) and the particle density obtained after room temperature deposition of the indicated metals on MgO/Mo(001) (triangles). Again, the correlation is evident with the exception of gold and iron. See text for details.
